It is widely accepted that cortical areas MT and MST in the brain of rhesus monkeys are essential for processing visual motion. We asked whether this assumption holds true if the moving stimulus consists of a second-order motion stimulus. In addition, we asked whether neurons in area MT and MST code for moving sound sources. To answer these questions, we trained three rhesus monkeys on a direction discrimination task. Our monkeys were able to correctly report the direction of all motion stimuli used in this study. Firing rates of directionally selective neurons from area MT (n=38) and MST (n=68) were recorded during task performance. These neurons coded only for the stimulus movement if the motion stimulus was separated from the background by luminance or flicker (Fourier and drift-balanced motion). If these segregation cues were absent (in the case of theta motion and of the moving sound source), firing rates did not code for the stimulus' direction. Therefore, we conclude that although areas MT and MST are undoubtedly involved in processing a moving stimulus, they are not the final cortical stages responsible for perceiving it. Ilg & Churan (2004) Neuronal processing in areas MT and MST during motion perception 3 / 35 submitted to The Journal of Neurophysiology
Introduction
Animals' ability to correctly decode visual motion has likely been subject to significant evolutionary pressure. Tasks such as image segmentation, deducing structure-from-motion, judging time-to-collision and recovering 3D structure, as well as goal-directed behavior are critically dependent upon the appropriate analysis of visual motion signals (see Nakayama 1985 for an overview). Visual motion can be related to ego-motion of the subject or, alternatively, can be produced by the movement of an object in the external world. Here, we will address aspects of the neuronal processing underlying the perception of a moving object.
It is well established that visual motion processing in primates is intimately related to the neuronal activity observed in the middle temporal (MT) and middle superior temporal (MST) areas (for review see Albright 1993) . It was shown that activity recorded from areas MT and MST is closely related to the perception of visual motion. Neurons in area MT respond to stochastic motion signals and the strength of the responses increase with the number of coherently moving dots (Britten et al. 1993 ). Using such stochastic motion signals, a clear relationship between the monkey's behavioral choices and visual responses of area MT was found within single trials (Britten et al. 1996) . For area MST, similar neuronal and psychophysical sensitivities were documented (Celebrini and Newsome 1994) . Microstimulation in area MST affects the motion perception of monkeys (Celebrini and Newsome 1995) as well as the judgements of heading directions (Britten and van Wenzel 1998) .
Neurons recorded from the posterior polysensory part of the superior temporal sulcus (STP p ) respond to moving stimuli in accordance with the monkeys' perception of motion (Thiele and Hoffmann 1996) . More recently, it was shown that microstimulation in area MT affects both the monkey's choices and the speed of decision-making, i.e. monkeys decided more quickly in favor of the stimulation site's submitted to The Journal of Neurophysiology preferred direction (Ditterich et al. 2003) . Lesions in area MT and MST result in an impairment of motion perception (Newsome and Paré 1988, Rudolph and Pasternak 1999) . Finally, using a glass pattern (Glass 1969) , it was shown that response properties in primate area MT and MST are similar to the properties of perception in humans and monkeys (Krekelberg et al. 2003) .
Neuronal activity in areas MT and MST was also shown to be related to the execution of smooth pursuit eye movements (SPEM) (Newsome et al. 1988 , Thier and Erickson 1992 , Kawano et al. 1994 Ilg and Thier 2003) . Small lesions of these areas yield an ipsiversive deficit in SPEM (Dürstler and Wurtz 1988, Yamasaki et al. 1991) . Intracortical microstimulation is able to modify ongoing SPEM (Komatsu and Wurtz 1989 , Groh et al. 1997 , Born et al. 2000 .
In previous studies, the motion signal has been created by luminance-defined moving objects. However, a moving object need not be separated from the background by luminance or color. It can be defined by coherent moving dots (Fourier motion (fm), Cavanagh and Mather 1989) , by changes in luminance (driftbalanced motion (dbm) Chub and Sperling 1988) or by opposed motion (theta motion (tm), Zanker 1993) . Note that the dbm stimulus is segregated from the background by flicker, whereas the tm stimulus has the same amount of flicker as the background. These two motion stimuli are referred to as second-order motion, as opposed to first-order motion such as Fourier motion (Cavanagh and Mather 1989) .
Previously, it was assumed that neurons in area MT might code for the direction of a moving stimulus invariant of the stimulus' visual properties (Albright 1992, O'Keefe and Movshon 1998).
Most real-world moving objects provide not only visual motion cues, but also auditory motion information. In the laboratory, the perception of a moving sound source can be produced in different ways: by binaural beat, by changing interaural Ilg & Churan (2004) Neuronal processing in areas MT and MST during motion perception 5 / 35 submitted to The Journal of Neurophysiology time or intensity differences, by artificial auditory surround using individual headrelated transfer functions or by an actively moved loudspeaker. The area activated in the human brain depends on the kind of stimulus used (see Warren et al. 2002 for a overview). Here, we opted for apparent auditory motion generated by the sequential activation of a single loudspeaker within a linear array of loudspeakers. It might be quite reasonable to assume that neurons in area MT and MST respond to a moving sound source, especially if the monkey has to report the direction of this movement. This idea is supported by cortical connectivity: there are direct anatomical connections from auditory cortical areas to area MST (Boussaoud et al 1990) . In addition, the primary visual cortex receives projections from the core and parabelt areas of the auditory cortex (Falchier et al 2002) .
The aim of the present study was twofold: firstly, we tried to prove that rhesus monkeys are able to correctly detect the direction of a stimulus defined either by second-order motion or by a moving sound source. Secondly, we asked whether the activity of individual neurons recorded from areas MT and MST code the movement of the stimuli in a directionally selective manner independent of the specific parameters of the moving object.
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Material and methods
While our highly trained rhesus monkeys performed a direction discrimination task as explained below, we recorded single-unit activity from areas MT and MST.
Animal preparation
Three adult male rhesus monkeys (F,B, and G) were used in this study. Under sterile conditions and intubation anaesthesia using isoflurane, the monkeys received a dental cement implant including head post and recording chambers as well as a subconjunctival search coil to monitor precisely the eye movements (Robinson 1963 , Judge et al. 1980 . All animal procedures were carried out in accordance with the NIH guidelines and German law and were approved by the local ethics committee.
The position of the recording chambers allowed for electrode tracks leading to areas MT and MST. The chamber axis was aligned with a parasagittal plane, tilted 30° upwards from the horizontal plane. This axis aimed at the stereotactic location of area MST (lateral 18, posterior 3.5, and dorsal 16 mm). Single-unit activity was recorded with self-made glass-insulated tungsten electrodes whose high stability and stiffness allowed for transdural electrode tracks. The signal from the electrode was pre-amplified, low-pass filtered and fed to a multispike detector (Alpha Omega, Model MSD). The temporal resolution of single-unit activity was 4 kHz and horizontal as well as vertical eye positions were sampled at 1kHz per channel. All data acquisition was performed by an i586 PC (LINUX). Eye position signals were calibrated by having the monkeys fixated targets at known positions.
Passive visual stimulation
To determine the visual response properties of an individual neuron, such as the location and size of the receptive field, preferred direction, preferred velocity, The frequency responses deviated by less than 5 dB and overall sound pressure level deviated by less than 2 dB between speakers. The trajectory of these stimuli was centred on the visual receptive field of the recorded neuron. Human observers perceived a smoothly moving stimulus in every case.
Training of the animals
Before the monkeys underwent the aforementioned surgery, we trained our animals in the primate chair on a standard fixation paradigm using a single touch bar (Wurtz 1969) . After approximately 4 weeks, the monkeys were subjected to a simple version of the DDT. To start a single trial, the monkeys had to hold the central touch bar.
After a randomised delay, a bright bar moved either to the left or right. Upon colour change of the fixation target, the monkeys had to move their hand to either the left or right touch bar, respectively. Over the course of these training lesson, the monkeys learned to report the direction of bar movement independent of the bar position at the submitted to The Journal of Neurophysiology onset of each trial. The monkeys could not use the bar position at the offset of each trial to complete the task correctly. Once the monkeys' performance stabilized above 80% correct trials, they underwent surgery. Subsequently, the DDT paradigm was changed to its final design. Instead of using three touch bars, the monkeys reported their perception by making saccades. In addition, the stimuli used during the recording sessions were displayed. Overall, the training on the DDT lasted approximately three months. Note that during the recording sessions, the position of the receptive field of the recorded neuron dictated the trajectory of the stimulus.
Data analysis
The neuronal responses were obtained as the number of action potentials within a time interval during which the stimulus crossed the receptive field. The dimensions of the visual receptive field had previously been determined as explained earlier. Using this information, the time interval for data analysis was adjusted for each individual recorded neuron. Based on these responses, we calculated the strength of directional tuning as direction index DI = 1 -response non-preferred / response preferred In the case of the tm stimulus, the neuronal response apparently inverts its preferred direction. To document this effect, we calculated the DI as explained above, i.e. we followed the apparent inversion of the preferred direction, but set the DI to be negative.
In order to quantify possible inhibitory effects, we also calculated the net responses, for which we subtracted the activity recorded during the initial fixation period of each trial from the above mentioned response. To address the statistical submitted to The Journal of Neurophysiology significance of the responses to the different stimuli or different directions of stimulus movement, we performed t-tests on the responses or net responses, respectively, of single trials. For the purpose of displaying the neuronal activity, we calculated and plotted spike density functions (sigma = 25 ms).
Pursuit study
In order to strengthen the argument that our monkeys indeed report the perceived direction of a moving target, we performed an additional pursuit eye movement study similar to previously published studies of human eye movements (Butzer et al. 1997, Lindner and Ilg 2000) . The stimuli were identical to those used in the direction discrimination task, except that we did not display the stationary fixation target. Instead, the eye position control window moved with the stimulus. After a training period of several weeks, monkey (B) was able to pursue the moving target.
We quantified the initial acceleration of pre-saccadic pursuit initiation as described previously (Lindner and Ilg 2000) . In addition, we determined steady-state pursuit velocity within a fixed time interval extending from 500 to 1200 ms after the onset of target movement. The saccades were removed automatically based on an acceleration criterion (see Lindner and Ilg 2000) .
Histology
After perfusion of one (F) of the animals, the brain was cut parasagittally in 40 mm sections. The sections were stained for cell bodies (Nissl) and for myelination Due to methodological limitations, we were restricted to a horizontal stimulus trajectory during execution of the DDT. Therefore, our data sample shows a clear bimodal bias towards horizontal (see Fig. 3A ). The histogram of the tuning widths reveals a clear maximum at 90° (see Fig. 3B ). Most neurons in our sample are highly submitted to The Journal of Neurophysiology directionally selective irrespective of whether they were recorded from area MT or MST (see Fig. 3C ). The only significant difference between the responses obtained from area MT and MST neurons was the receptive fields' size (see Fig. 3D ). In area MST, the receptive fields were slightly but significantly (p=0.005, t-test) larger than those of neurons recorded from area MT. place fig. 3 near here
Monkey psychophysics
The results of the DDT are shown in Fig. 4 . The performances for all stimuli used were significantly above chance level (significantly different from 50%, t-test, p<0.003). The statistical analysis (2 way ANOVA) revealed a significant influence of the factor stimulus (p<0.001) on the performance. However, there was no significant difference in the performance of our monkeys (factor monkey p=0.138). Since the interaction of both factors was also not significant (p=0.732), we can conclude that the differences between the stimuli were very similar in all monkeys. Taken together, the results of this pursuit study support the notion that monkeys reported the direction of motion in our task, not simply the position of the stimulus at the offset. In addition, the monkey's eye movements were quite similar to human eye movements elicited by these stimuli (Butzer et al. 1997; Lindner and Ilg 2000) .
Single-unit responses during performance of DDT As already mentioned, we focused our study on directionally selective neurons which were tuned for horizontal directions. Figure 6 shows the response of a typical neuron recorded from area MST to the presentation of Fourier, drift-balanced, and theta motion stimuli in preferred and non-preferred directions. The eye position profiles document that the monkey maintained fixation during stimulus presentation and subsequently reported the direction of the moving stimulus correctly. The response of the presented neuron to Fourier motion was clearly directionally selective. The horizontal dimension of the receptive field were from 16° left (contralateral) to 4° right (ipsilateral) as indicated by the vertical dashed lines in Fig. 6 . We determined the neuronal response during a time interval of 1000 ms while the stimulus was moving across the receptive field. The response in the preferred direction (74 spikes/s) was significantly higher than in the non-preferred direction (11 spikes/s) resulting in a DI of 0.85. The directionality of this neuron was slightly diminished but its response to drift-balanced motion stimuli was significant. Here, the response in the preferred direction was only 31 spikes/s, whereas the response in the non-preferred direction was 5 spikes/s, resulting in a DI of 0.83. During the presentation of the theta motion stimulus, the directionality was apparently inverted.
The response to the theta stimulus moving in the non-preferred direction (58 spikes/s) was larger than the response in the preferred direction (13 spikes/s) yielding a DI of -0.77. The response in the preferred direction disappeared in the case of theta motion while the response in non-preferred direction was increased.
This apparent inversion indicates that the neuron's response was determined by the direction of the individual pixel constituting the target, not by the direction of the moving target itself. Not only was the preferred direction apparently inverted, but the absolute value of directionality was also reduced in the case of theta motion as compared to Fourier motion.
place fig. 7 near here
With respect to the responses of all recorded neurons (see Fig. 7 ), we observed weaker directionality in the responses to drift-balanced motion stimuli than in responses to Fourier motion stimuli. However, 36% of neurons from area MT (14 out submitted to The Journal of Neurophysiology of 38) and 53% of neurons from MST (36 out of 68) responded significantly to driftbalanced stimuli (p<0.01, t-test). We did not find significant differences between the response properties such as preferred direction, width of tuning, preferred velocity, strength of directional selectivity, receptive field size, or receptive field eccentricity of neurons responding significantly to drift-balanced motion and neurons lacking this selectivity (see table 1 ). Therefore, we are not able to deduce the ability of a neuron to code for drift-balanced motion from any other visual response property determined by the passive visual stimulation.
place table 1 near here
Based on the responses shown in Fig. 6 , one might argue that the responses to the theta motion stimulus were exclusively determined by retinal image motion (i.e.
by the movement of individual dots). However, as Fig. 8A shows, the absolute value of theta motion-related directionality was significantly less than the Fourier motion related directionality (t-test, p<0.001). This indicates that although the direction of pixel motion determined the preferred direction of the neuronal response, the strength of directionality was different for theta and Fourier motion. Similar to the neuronal responses to Fourier and theta motion, the absolute values of eye acceleration during initiation of pursuit elicited by theta motion were significantly less than when pursuit was elicited by Fourier motion (t-test, p<0.001) as shown in Fig 8B. The consistency of neuronal activities and initial eye acceleration during SPEM indicates that areas MT and MST are involved in the generation of these eye movements. We analysed the responses to the auditory and bimodal moving stimulus only in those neurons whose directionally selective response to the visual motion stimulus was significant (t-test preferred vs. non-preferred direction, p<0.01). Overall, the responses of 33 neurons (6 out of 28 neurons from area MT, 27 out of 68 neurons from area MST) fulfilled the above mentioned directionality criterion and were included in this analysis. Since we did not observe any significant differences between net responses recorded from area MT and MST, respectively, we pooled the responses of all 33 neurons. As Fig. 10 shows, the net responses to the visual and bimodal stimulus were not significantly different (t-test, p=0.83).
However, the inhibition induced by the moving auditory stimulus shown in Fig. 9 was not observed at the population level. The population response to the auditory stimulus was not significantly different from zero (t-test, p = 0.70). 
Discussion
The performance of our monkeys in the DDT strongly suggests that the animals were able to correctly report the direction of a moving stimulus, independent of whether the stimulus was defined by first-order, second-order motion or by a moving sound source. The results of our pursuit study seem to indicate that the monkeys reported the motion direction, not simply the position of the stimulus, at least for the second-order motion stimulus. However, the activity in areas MT and MST coded only for those moving stimuli which were segregated from the background by luminance or flicker.
We are convinced that our data sample is quite representative for areas MT and MST since the general response properties of our recorded neurons to visual motion fit well with those previously described in the literature. The size of the receptive fields in areas MT and MST, respectively, were of the same dimension as described earlier (Komatsu and Wurtz 1988) . Similarly, the mean tuning width of the neurons in our data sample was close to 90° as previously reported (Albright 1984; Snowden et al. 1992; Britten and Newsome 1998) .
The absence of selective neuronal responses during perception of theta motion and moving sound sources might be surprising since it was previously shown that some neurons in area MST respond to inferred motion (Assad and Maunsell 1995).
The neurons in their study responded to an inferred motion stimulus without any physical stimulus. However, it must be noted that the monkeys were trained to report the movement of a visual stimulus, so it is likely that they inferred the presence of the visual motion stimulus that they had been trained on. In contrast, there is no evidence to assume that our monkeys inferred visual motion in the presence of a moving sound source. Therefore the lack of response in our study does not submitted to The Journal of Neurophysiology contradict results reported during inferred motion perception (Assad and Maunsell 1995) . However, the finding that a moving sound source did not lead to neuronal excitation does seem surprising since anatomical connections from the monkey's auditory cortical areas to primary visual cortex (Falchier et al. 2002) as well as to area MST (Boussaoud et al. 1990 ) have been previously described.
Alternative interpretation of our results
Our data shows that the neuronal activity recorded from areas MT and MST did not always parallel the motion perception of the monkeys. From this, we concluded that these areas are not the final stages in motion processing. However, an alternative interpretation is possible based on the fact that in our study, the monkeys could theoretically perform the DDT correctly without processing the motion signals at all, and simply using position information, i.e. reporting the position of the stimulus at the offset of every trial. The outcome of our experiments might have been different if we had used a task in which positional information could not have been used, for instance if the monkeys had to respond to a change in stimulus velocity. However, there are three arguments against this alternative explanation. Firstly, the outcome of the pursuit study indicates that the monkey could use the velocity of the second order motion stimuli to generate smooth pursuit eye movements. Secondly, during the training history, the monkeys were able to report the direction of stimulus movements at randomised positions within the visual field. Finally, in case of visual motion, drift-balanced and Fourier motion, the neuronal activity paralleled the motion perception of the monkeys, and it is unclear why the monkeys would change their strategy depending on the stimulus type. The alternative explanation cannot be completely ruled out, but is seems less likely that the lack of response to auditory stimulation as well as the apparent inversion of the preferred direction in the case of submitted to The Journal of Neurophysiology theta motion could be explained by the fact that specially in these conditions, the monkeys did only report the position of the stimulus, not its motion.
Processing of first-and second-order motion When a flicker component segregated the moving stimulus from the background (dbm), some neurons in our sample coded for object motion, a result which has also been reported previously (Albright 1992; O'Keefe and Movshon 1998). As found in those experiments, the strength of directionality in response to drift-balanced motion was clearly less than in response to first-order motion.
On the other hand, the apparent inversion of preferred direction in case of the theta motion indicates that the motion processing is not yet complete in areas MT and MST. It is important to note that this does not contradict findings that microstimulation in these areas affects motion perception (Celebrini and Newsome 1995; Britten and van Wezel 1998) as well as the execution of smooth pursuit eye movements (Komatsu and Wurtz 1989; Groh et al. 1997; Born et al. 2000) . These effects convincingly demonstrate that these areas are involved in processing visual motion, but do not support the notion that these areas are final stages in this processing. Since these areas are retinotopically organised, subsequent areas could be able to recover object motion based on the processing of the various With respect to multisensory processing of visual and auditory information, it has previously been shown that neurons recorded from the superior temporal sulcus (STS), especially from the anterior parts of the sulcus, responded to stimulation in both modalities (Bruce et al. 1981; Benevento et al. 1977) . From the lateral intraparietal area (LIP), it was reported that neurons responded to an auditory submitted to The Journal of Neurophysiology stimulus only if this stimulus was used as a saccade target. This auditory response was only observable after training; in naïve monkeys, there was no response to auditory stimulation (Grunewald et al. 1999) . Neurons recorded from the ventral intraparietal area (VIP) displayed responses to somatosensory, vestibular and visual stimulation (Duhamel et al 1998; Bremmer et al 2002) . Finally, in the frontal cortex (area F4), multimodal signal processing was described in mirror neurons. These neurons discharge if the monkey either performs a specific action or watches another subject, either human or monkey, performing the same action (Rizzolatti et al. 1996) . However, when subjects had to report the movement of an auditory stimulus, a slight decrease in activation was observed in hMT (Lewis et al. 2000) . This fMRI finding is very similar to the single-unit responses from area MST in monkeys reported here. In addition, it has been shown by PET and fMRI experiments that a bilateral posterior network including the planum temporale and parieto-temporal operculum is activated during the perception of sound-source motion (Warren et al. 2002) . When subjects were exposed to second-order motion stimuli, areas such as V3 and hMT were activated (Smith et al. 1998 ). However, the signals detected by fMRI do not allow retinal image motion and object motion to be differentiated. This result is consistent with our finding that the neurons are driven by tm stimuli but do not code for the direction of the object. Furthermore, when subjects were exposed to visual, auditory and tactile motion stimuli, activation was found in the intraparietal sulcus, which is most likely the human homologue of primate area VIP (Bremmer et al. 2001 ).
Interestingly, these authors did not report polymodal activation of hMT, which has been reported by others (Lewis et al. 2000) . Thus there is a high degree of overlap between fMRI studies in humans and the single-unit responses from rhesus monkeys presented here, especially with respect to the responses of hMT and surrounding areas.
In summary, there is clear evidence that areas MT and MST are involved in the processing of a moving stimulus which underlies motion perception, but there is also clear evidence that this processing is not completed by these areas.
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